To study the mechanism of acquired resistance to bortezomib, a new antitumor drug that is the first therapeutic proteasome inhibitor, we established a series of bortezomib-resistant T lymphoblastic lymphoma/leukemia cell lines, designated the JurkatBs, from the parental Jurkat line via repeated drug selection. There were no significant differences in the growth curves or colony formation between the JurkatB cells and parental Jurkat cells. The effects of bortezomib on cytotoxicity, cell cycle arrest, and induction of apoptosis were decreased in JurkatB cells compared with parental Jurkat cells. A mutation in the proteasome ␤5 subunit (PSMB5) gene (G322A), which encodes an amino acid change from Ala to Thr at polypeptide position 108, was detected by sequencing full-length cDNA clones and direct polymerase chain reaction products of the PSMB5 gene. Bortezomib caused less inhibition of chymotrypsin-like activity in resistant cells. When the G322A mutant PSMB5 was retrovirally introduced into parental Jurkat cells, it conferred bortezomib resistance to these cells, resulting in decreased cytotoxicity, apoptosis, and inhibition of chymotrypsin-like activity. The predicted structure of A108T-mutated PSMB5 shows a conformational change that suggests decreased affinity to bortezomib. In short, the G322A mutation of the PSMB5 gene is a novel mechanism for bortezomib resistance.
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The proteasome has been well recognized as a valid target for antitumor therapy (Daniel et al., 2005; Rajkumar et al., 2005) . Due to its essential role in the degradation of cellular proteins, the ubiquitin-proteasome pathway is involved in a variety of cellular processes, including transcriptional regulation, cell cycle progression, proliferation, and apoptosis (Voges et al., 1999) . Within the core 20S catalytic complex of a proteasome, ␤5, ␤2, ␤1, subunits are, respectively, related to the chymotrypsin-like, trypsin-like, and peptidylglutamyllike activities. The chymotrypsin-like activity of the proteasome ␤5 subunit (PSMB5) is critical for the rate-limiting step of proteolysis. It is conformationally flexible with active catalytic sites located on the inner surface of the cylinder where protein substrates bind (Rivett, 1989; Löwe et al., 1995; Chen and Hochstrasser, 1996) .
Bortezomib (pyrazylcarbonyl-Phe-Leu-boronate; PS-341), a proteasome inhibitor, contains a boronate moiety linked to a dipeptide and has exceedingly high affinity, specificity, and selectivity for the chymotrypsin-like activity of the proteasome (Lightcap et al., 2000; Hideshima et al., 2001) . Clinical studies have demonstrated the safety and promising efficacy of bortezomib against multiple myeloma and several relapsed or refractory non-Hodgkin's lymphoma subtypes (Goy et al., 2005; Richardson et al., 2005; Leonard et al., 2006) . Additional trials are ongoing to define the full utility of this drug in other tumor types, including leukemia (Orlowski et al., 2002; Zavrski et al., 2007) . Bortezomib is highly cytotoxic to adult T-lymphocytic leukemia (ATL) cells in vitro and in vivo (Satou et al., 2004; Nasr et al., 2005) . The in vitro evidence of antileukemic effect and transient hematological improvements observed in some patients suggest that further investigation of bortezomib in acute leukemias, probably in combination with other agents, is warranted (Cortes et al., 2004; Horton et al., 2006) . Resistance to bortezomib develops in the majority of clinical patients treated with this single agent (Cheriyath et al., 2007) . It is unfortunate that the mechanisms of resistance to bortezomib are poorly understood. One possibility is the upregulation of pathways that suppress apoptosis. It has been reported that overexpression of heat shock protein (HSP)27 is associated with bortezomib resistance in lymphoma cells . It was also found that interleukin-6 and insulin-like growth factor-1 in the microenvironment can confer resistance to bortezomib (Chauhan et al., 2004) . Microarray analysis revealed that HSP27, HSP70, HSP90, and T-cell factor 4 were expressed at a higher level in a bortezomib-resistant SHDHL-4 cell line, which was isolated from a screen for the bortezomib response of various cell lines originating from B-cell malignancies (Shringarpure et al., 2006) . Because bortezomib is a molecule that targets an enzyme and directly inhibits the enzyme activity, we propose that there may be a wider variety of mechanisms underlying bortezomib resistance. For example, many patients with chronic myeloid leukemia or gastrointestinal stromal tumors who underwent therapy with the Bcr-Abl tyrosine kinase inhibitor, imatinib, eventually relapsed due to the appearance of mutations and amplification of the Bcr-Abl gene (Gorre et al., 2001; Mahadevan et al., 2007; Mughal and Goldman, 2007) . Point mutations have also been shown to result in resistance to the c-KIT kinase inhibitors (Roberts et al., 2007) .
To investigate possible similar mechanisms of resistance to bortezomib, we established bortezomib-resistant lymphoblastic lymphoma/leukemia cell lines, designated the JurkatBs, by repeated cycles of drug exposure and selection. A point mutation was discovered within the PSMB5 gene, representing a new mechanism underlying bortezomib resistance.
Materials and Methods
Cell Culture and Bortezomib Selection. The Jurkat cell line was kindly provided by Dr. J. H. Kang (Cell Institute of the Academy of Science, Shanghai, China). Cells in log-phase growth were treated with bortezomib (Millennium Pharmaceuticals, Cambridge, MA) for 72 h initially at 1 nM (nearly 72 h IC 50 ), 5 nM (nearly 72 h IC 75 ), 10 nM (nearly 72 h IC 90 ), or 200 nM (Ͼ72 h IC 99 ). Cells were then cultured in drug-free culture medium containing 20% fetal bovine serum and treated with bortezomib for an additional 72 h when cell growth recovered. If the recovery time for cell growth was longer than 2 weeks, the selection cycle was repeated at the same concentration. If cell growth recovered within 2 weeks, the drug concentration was increased to the next step. After repeated rounds of bortezomib selection over a period of 6 months, the established resistant cell lines were designated "JurkatB" lines. Subclones were established from these lines by limiting dilution. These JurkatB cells were cultured without bortezomib for 2 weeks before use for comparison studies.
Cell Growth, Cytotoxicity, and Soft-Agar Colony Formation Assay. JurkatB and parent Jurkat cells in logarithmic phase growth were seeded in 24-well plates at 1 ϫ 10 4 /ml in three replicates and cultured at 37°C with 5% CO 2 in a humidified incubator. The live cells were counted by trypan blue dye exclusion assay daily for 7 days. For analysis of cytotoxicity, cells seeded in 24-well plates were treated with bortezomib at a series of concentrations for 24 or 48 h. Numbers of live cells were determined by counting using a trypan blue assay, and survival percentages were calculated. Meanwhile, logarithmically growing cells were plated at 1 ϫ 10 3 /ml in RPMI 1640 medium with 20% fetal bovine serum and 3% agar. Colonies (Ͼ75 m) were counted on the 10th day.
Cell Cycle and Apoptosis Analysis. Jurkat and JurkatB cells treated with bortezomib along with untreated controls were washed with phosphate-buffered saline, then fixed in 70% ethanol overnight at Ϫ20°C, treated with RNaseA (Sigma-Aldrich, St. Louis, MO), stained with propidium iodide (PI) (Sigma-Aldrich), and assayed for DNA content by flow cytometry (BD Biosciences, San Jose, CA). The acquired histograms were analyzed by ModFit LT software (Verity Software House, Topsham, ME) to determine the cell cycle phase distribution. For analysis of induction of apoptosis, cells treated with bortezomib along with untreated control cells were stained with Annexin V/PI (BD Pharmingen, San Diego, CA) according to the product instructions. Cells were then analyzed for apoptosis by flow cytometry using the CellQuest software (BD Biosciences).
DNA Sequencing. Total RNA was extracted from Jurkat and JurkatB cells using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. cDNA was amplified by polymerase chain reaction (PCR) using high-fidelity Taq DNA polymerase (GenScript, Piscataway, NJ). The primers were as follows: forward, 5Ј-GAT ATG GCG CTT GCC AGC GTG TT-3Ј; reverse, 5Ј-GAT TCA GGG GGT AGA GCC ACT ATA CTT CT-3Ј. The PCR products were isolated by agarose gel electrophoresis, cloned into the pGEM-T cloning vector (Promega, Madison, WI), and transformed into DH5␣ Escherichia coli (GenScript). Clones were selected for sequencing of whole-length cDNA (ABI3730; Applied Biosystems, Foster City, CA). Direct sequencing of the PCR products was also performed after a point mutation was found.
Proteasome Chymotrypsin-Like Activity Assay. Cells in logphase growth (1 ϫ 10 7 ) treated with bortezomib and untreated control cells were lysed in 20 mM Tris-HCl buffer, pH 7.6, by repeated freezing in liquid nitrogen and thawing in a 37°C water bath. The chymotrypsin-like activity in the cell lysate was assayed by measuring release of the fluorophore, 7-amido-4-methylcoumarin (AMC), from the substrate N-succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (LLVY-AMC, 10 M; Sigma-Aldrich). Fluorescence was measured on a Flexstation microplate fluorometer (Molecular Devices, Sunnyvale, CA) at excitation/emission wavelengths of 380/ 440 nm (Lightcap et al., 2000) .
Retroviral Infection. For construction of the mutant human PSMB5 retrovirus vector (PLEGFP-mPSMB5), the mutated PSMB5 cDNA obtained from the JurkatB cells was amplified by PCR, restricted with BamHI and HindIII (New England Biolabs, Ipswich, MA), identified by sequencing, then subcloned into the PLEGFPN1 vector, transformed into DH5␣, and clones were selected under ampicillin. The PT67 packaging cell line was transfected with the PLEGFP-mPSMB5 or PLEGFPN1 plasmids using Lipofectamine 2000 (Invitrogen) for 48 h. The Jurkat cell line was infected with the viral supernatants from PT67 cells for 48 h and then selected with 100 g/ml G-418. The following day, Jurkat cells transduced with PLEGFP-mPSMB5 (Jurkat-mPSMB5) or PLEGFPN1 (Jurkat-EGFP) were cultured for analysis of cytotoxicity, apoptosis, and assay of proteasome chymotrypsin-like activity as described above.
Statistical Analysis. Data represent the mean Ϯ S.D. The significance of differences observed between experimental results was determined by 2 test and one-way ANOVA using the SPSS 11.5 software program (SPSS Inc., Chicago, IL). P Ͻ 0.05 was considered to be significant.
Results

Establishment of T Lymphoblastic Lymphoma/Leukemia Cell Lines Resistant to the Proteasome Inhibitor Bortezomib.
A series of bortezomib-resistant T lymphoblastic lymphoma/leukemia cell lines, designated JurkatB1-JurkatB5, was established from the parental Jurkat line by repeated cycles of drug selection. One of these lines, which was named JurkatB2, was selected initially at 1 nM bortezomib. The concentration was increased by 2 to 5-fold each step according to the recovery time for cell growth. After reaching 200 nM, the selection concentration was increased by 100 nM at each step until the concentration attained 500 nM. The JurkatB1, JurkatB3, and JurkatB4 lines were initially selected at 1, 5, and 10 nM, respectively; the increment of each step was 5 to 20 nM, then 100 nM after the concentration was greater than 200 nM. The JurkatB5 was initially selected at 200 nM repeatedly for 5 cycles, then increased by 100 nM at each step until reaching 500 nM. Some of the JurkatB lines were further selected with bortezomib for an additional 3 months, ending at 1000 nM and designated JurkatB/1000. Several subclones were obtained from the JurkatB lines by limiting dilution.
There Are No Significant Differences in the Characteristics of Cellular Biology between Jurkat and JurkatB Cell Lines. Jurkat and JurkatB cells in logarithmic phase growth were plated and counted daily for 7 days. The results revealed that the differences of cell counts between these lines were not significant at all time points. The doubling times of Jurkat, JurkatB2, and JurkatB2/1000 were 24.9, 25.4, and 24.6 h, respectively (Fig. 1A ). There were also no significant differences in soft-agar colony formation efficiencies between these lines (Fig. 1B) .
Decreased Effect of Bortezomib in the Cytotoxicity, Cell Cycle Arrest, and Induction of Apoptosis on JurkatB Cells Compared with Parental Jurkat Cells. To confirm the resistance of JurkatB cells to bortezomib (chemical structure shown in Fig. 2A) (Adams, 2004) , the cytotoxic effects of bortezomib were first measured. The percentages of surviving JurkatB cells after treatment with a range of bortezomib concentrations for 24 (Fig. 2B ) or 48 h (Fig. 2C) were significantly greater than those of Jurkat cells. The 24 and 48-h IC 50 of bortezomib for Jurkat, JurkatB2, and JurkatB2/ 1000 lines were 10 and 3 nM, 26 and 12 nM, and 268 and 164 nM, respectively. To observe bortezomib-induced cell cycle arrest in these cells, Jurkat and JurkatB cells were assayed by flow cytometry after exposure to 50 nM bortezomib for 24 h along with untreated controls. The results showed no statistically significant difference between untreated JurkatB2, JurkatB2/1000, and Jurkat cells with respect to cell cycle distribution (representative experiment in Fig. 2D ). Jurkat cells were arrested greatly at G 2 phase after bortezomib treatment, but the effect of G 2 arrest was decreased in JurkatB cells (Fig. 2D) . G 2 fractions in JurkatB2 and JurkatB2/1000 cells after bortezomib treatment were significantly lower than those of Jurkat cells (21.57 Ϯ 1.38, 14.09 Ϯ 2.17, and 44.62 Ϯ 2.07%, respectively) (Fig. 2E) . The apoptotic effects of bortezomib were next investigated using Annexin V/PI staining by flow cytometry. This analysis revealed that at 24 and 48 h, the AnnexinV/PI-positive cell ratios were significantly smaller in JurkatB cells compared with Jurkat cells, especially in JurkatB2/1000 cells (Fig. 2, F and G) .
G322A Point Mutation in the PSMB5 Gene Results in Decreased Inhibitory Effect of Bortezomib on the Chymotrypsin-Like Activity in JurkatB Lines. To determine whether any mutations within the PSMB5 gene may have arisen in the bortezomib-resistant cells, the full-length cDNAs of PSMB5 were amplified by reverse transcription-PCR from Jurkat and JurkatB2 cells, then cloned into the PGEM-T Easy cloning vector, and transformed into E. coli (DH5␣). Clones were randomly selected for sequencing. The nucleotide sequences from JurkatB cells were compared with the wild-type PSMB5 sequence from parental Jurkat cells and the existing GenBank overlap sequences (NP002788 and NP002797). No nucleotide differences were observed between the wild-type PSMB5 DNA sequences isolated from Jurkat cells and the existing GenBank database standard (Fig. 3A) . Point mutations at nucleotide positions 192 (T to C) (data not shown) and 322 (G to A) were found in the JurkatB2 cells (Fig. 3B) . The T192C mutation is silent, and the G322A point mutation results in an amino acid substitution (Ala108Thr). Independent reverse transcription-PCR products from JurkatB2 cells were also sequenced directly. The same alteration was found at position 192 (T to C) and was homogeneous. The nucleotide at 322 was heterogeneous (a doublet peak of A and G) (Fig. 3C) , resulting in two possible products alternately containing an Ala or Thr. The JurkatB2 cells were further selected with bortezomib at concentrations as high as 700 to 1000 nM, and some clones were selected by limiting dilutions. Direct sequencing of the PSMB5 PCR products was then performed. This time, the results revealed only an A at position 322 (Fig. 3, D and E) . The G322A mutation was further confirmed by sequencing the PSMB5 gene in other JurkatB lines (the same change from a doublet peak of A and G at position 322 in JurkatB1, JurkatB3, and JurkartB5 to exclusive A in sublines recovered from 700-1000 nM bortezomib).
Jurkat and JurkatB2 cells were incubated with 10 nM bortezomib for 6, 18, 24, or 48 h and then assessed for , and JurkatB2/1000 (JB2/ 1000) cells in logarithmic phase growth were plated at 1 ϫ 10 4 /ml. Samples were taken daily to determine cell number. Live cells were counted using trypan blue dye exclusion. Data are shown as mean Ϯ S.D. of triplicate samples. The differences of cell counts were not significant between these lines at each day point (P Ͼ 0.05). B, colonies (Ͼ75 m) of Jurkat and JurkatB cells were counted on the 10th day after plating in 3% agar. Data are displayed as mean Ϯ S.D. in sextuplet samples. The differences were not significant between Jurkat, JurkatB2, and JurkatB2/1000 lines (P Ͼ 0.05).
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at ASPET Journals on July 16, 2017 jpet.aspetjournals.org Downloaded from chymotrypsin-like activity against LLVY-AMC. The percentage inhibition of chymotrypsin-like activity was calculated according to the following equation: %I ϭ 100 ϫ (1 Ϫ SpAI/ SpAU), where SpAI is the chymotrypsin-like activity in the presence of bortezomib and SpAU is the chymotrypsin-like activity in the absence of bortezomib (Lightcap et al., 2000) . The inhibition of chymotrypsin-like activity in JurkatB2 cells was significantly decreased compared with Jurkat cells (Fig.  4A) . To further confirm the relationship between the decreased inhibition by bortezomib on chymotrypsin-like activity and the newly identified PSMB5 mutation (G322A) in JurkatB cells, particularly the JurkatB2/1000 cells, which are homogeneous and homozygous for the A at site 322, JurkatB2/1000 cells were incubated with bortezomib for various times (Fig. 4B) and concentrations (Fig. 4C) . After treatment, cell lysates were assayed for chymotrypsin-like activity. No significant inhibition of the chymotrypsin-like activity was observed in JurkatB2/1000 cells treated with 5 to 40 nM bortezomib, and only a slight inhibitory effect (relative activity to untreated control was 90.8 Ϯ 2.5%) was observed after treatment with 80 nM bortezomib.
Decreased Cytotoxicity, Induction of Apoptosis, and Inhibition of Chymotrypsin-Like Activity by Bortezomib on Retrovirally Transduced Jurkat-mPSMB5 Cells Compared with Jurkat Cells. To confirm the relationship between bortezomib resistance and the Ala108Thr PSMB5 mutant, we engineered the G322A-mutated PSMB5 gene into Jurkat cells using the retroviral vector (PLEGFPmPSMB5). Jurkat cells transduced with the PLEGFPN1 vector only (Jurkat-EGFP) were also produced as a control (Fig.  5A) . Sequencing of the PCR products for the PSMB5 gene in Jurkat-mPSMB5 and Jurkat-EGFP cells were performed. As expected, this showed a doublet peak (G/A) at the 322 site in Jurkat-mPSMB5 cells and a single G at the 322 site in Jurkat-EGFP cells, indicating that wild-type and mutated PSMB5 genes were expressed simultaneously in retrovirally transduced Jurkat-mPSMB5 cells (Fig. 5B) .
The cytotoxicities of bortezomib on Jurkat-mPSMB5 cells, Jurkat-EGFP cells, and parental Jurkat cells were then investigated. The results showed that percentages of viable cells were significantly higher in Jurkat-mPSMB5 cells after treatment with bortezomib for 24 h at 1 to 50 nM than those in parental Jurkat cells, and the differences between Jurkat-EGFP and Jurkat cells were not significant (Fig. 5C ). The apoptotic effects of bortezomib on Jurkat-mPSMB5 cells, Jurkat-EGFP cells, and Jurkat cells were investigated using Annexin V/PI staining by flow cytometry. Both early and late apoptosis after treatment with 50 nM bortezomib for 24 h were significantly less in Jurkat-mPSMB5 cells compared with Jurkat cells. As anticipated, there was no significant difference between Jurkat-EGFP cells and Jurkat cells (Fig. 5D ). Cell lines were assayed for chymotrypsin-like activity after treatment with bortezomib for various times (Fig. 5E ) and at various concentrations (Fig. 5F ). The inhibition of chymotrypsin-like activity in Jurkat-mPSMB5 cells was significantly decreased compared with parental Jurkat cells. There was also no significant difference between Jurkat-EGFP cells and Jurkat cells.
Computer Modeling of the Mutant Structure Predicts a Conformational Change in the A108T Mutant PSMB5. Based on the inhibition results, we would expect that the Thr substitution for Ala108 in the PSMB5 from bortezomib-resistant JurkatB cells contributes to a conformational change that results in a decreased binding affinity for the inhibitor to the chymotrypsin-like active site. To confirm this hypothesis, we modeled the structures of wild-type human PSMB5 and the A108T mutant based on the crystal structure of bovine PSMB5 (Unno et al., 2002 ) using the Cn3D4.1 software (Fig. 6) . The predicted structure of A108T-mutated PSMB5 shows a substantially different conformation, especially at the cavate part in which residue 108 is located. This altered conformation may reduce the contacts between the inhibitor and the chymotrypsin-like active site, reducing the affinity for bortezomib.
Discussion
Drug resistance is a major challenge to the treatment of leukemia and other tumors. Bortezomib, a new selective pro- jpet.aspetjournals.org teasome inhibitor drug, not only promotes apoptosis in cancer cells, but it also sensitizes these cells to chemotherapy (Mitsiades et al., 2003; Dasmahapatra et al., 2006; Fribley et al., 2006) . However, there are some patients who do not respond to bortezomib treatment, or who respond briefly but then relapse. To discover the potential mechanisms of acquired bortezomib resistance, JurkatB lines were established from the parental T lymphoblastic lymphoma/leukemia Jurkat line by a repeated series of drug selection cycles. Cytotoxicity, cell cycle arrest, and apoptosis induced by bortezomib were significantly decreased in the JurkatB cells compared with parental Jurkat cells, confirming that the JurkatB lines were bortezomib-resistant. No significant differences in growth curves or colony formation efficiencies were found between JurkatB cells and parental Jurkat cells. Acquisition of bortezomib resistance did not alter the growth and colony-forming ability of JurkatB cells in the absence of drug.
No signs of drug efflux, cross-resistance to other chemotherapeutic drugs (daunorubicin, doxorubicin, vindesine, and etoposide), overexpression of MDR (multidrug resistance) gene 1 mRNA, or expression of P-glycoprotein were detected in JurkatB lines (data not shown). Thus, it is unlikely that a MDR effect is responsible for the bortezomib resistance of JurkatB cells, as has been the case in some other reports (Frankel et al., 2000; Shringarpure et al., 2006; Minderman et al., 2007) .
A point mutation of the PSMB5 gene (G322A) was detected in JurkatB2 cells by clone sequencing. This nucleotide change causes an A108T substitution at the amino acid level. Direct sequencing results of PCR products of the PSMB5 gene from JurkatB2 cells indicated heterogeneity at the 322 site (G/A). Other than simple heterozygosity, perhaps with amplification of the mutant gene, another possible explanation is that there were two populations of cells in the JurkatB2 line, one wild-type at position 322 and the other mutated. To investigate these possibilities, JurkatB2 cell line was further selected with a higher concentration of bortezomib (progressive to 1000 nM, labeled JurkatB2/1000 cells), and several subclones were established by limiting dilution. Direct sequencing of the PSMB5 gene PCR products from JurkatB2/1000 cells and these subclones were performed, revealing exclusive A at 322 position, indicating that the original result was due to polyclonality of the original line.
It is possible that a small population of random G322A mutant cells exist in the Jurkat line, but this population was too low to be detected using the sequencing procedure. The selection process, using gradually increasing concentrations of bortezomib, seemed to support the outgrowth of the mutant population, accompanied by survivors that do not have the mutation. The mutated cells have an apparent growth advantage over the wild-type in the presence of bortezomib; thus, the percentage of this population became increasingly larger under selection conditions, reaching the 322A monoclonality of the JurkatB2/1000 line. The outgrowth of G322A mutant cells was further confirmed by the sequencing results of PSMB5 gene in other JurkatB lines (the same change from G/A to A at 322 position), which were also selected from the Jurkat line by different initial concentrations and incremental concentration steps.
To identify the relationship between bortezomib resistance and the PSMB5 A108T mutant, the chymotrypsin-like activities of JurkatB and Jurkat cells were measured after bortezomib treatment. The inhibition of chymotrypsin-like activity in JurkatB cells was significantly decreased compared with parental Jurkat cells. Because the MDR mechanism had already been ruled out, it is unlikely that drug elimination by efflux pumps could account for the decreased inhibition of chymotrypsin-like activity in JurkatB cells. The chy- motrypsin-like activities in JurkatB2/1000 cells, which are uniform for the 322A base substitution, treated with different concentrations of bortezomib or for different times were compared with untreated control cells, and the results showed a nearly complete loss of bortezomib-induced inhibition of chymotrypsin-like activity. Thus, we propose that the To further confirm this, the G322A mutant PSMB5 was retrovirally introduced into parental Jurkat cells. The retrovirally transduced Jurkat-mPSMB5 cells acquired a bortezomib-resistant phenotype due to the expression of G322A mutant PSMB5, reiterating the idea that the PSMB5 A108T mutation is an important mechanism of bortezomib resistance in JurkatB lines.
To date, biochemical and crystallographic characterization of the proteasome active site mutants has been performed only in yeast. Mutagenic inactivation of active site residues in the proteasome has revealed some striking phenotypes in that system. In particular, the T1A mutation within the active site of PSMB5 is lethal, and the K33A mutation causes severe growth defects (Seemü ller et al., 1995) .
The crystal structure of bortezomib bound to the yeast 20S proteasome illustrates that bortezomib adopts an antiparallel ␤-sheet conformation (Groll et al., 2002 (Groll et al., , 2006 . These ␤-sheets are stabilized by direct hydrogen bonds between conserved residues of the proteasome ␤ subunits and main chain atoms of the drug. The ␤6 Asp114O, ␤5 Ala49N, and ␤5 Ala50N coordinate tightly with the carbonyl oxygen of bortezomib. Bortezomib exhibits different binding affinities to distinct active sites due to interactions of the individual side chains of this inhibitor with certain cavate parts of the protein.
Our computer modeling of the A108T PSMB5 mutant suggests that a conformation change is incurred that may disrupt contacts between the chymotrypsin-like active site and bortezomib, resulting in the observed changes in inhibitory and proapoptotic activity.
Other than the same G322A mutation, overexpression of the PSMB5 mRNA was detected in highly resistant JurkatB5 and JurkatB1 cells that also originated from the parental Jurkat line (data not shown). Although bortezomib is a highly selective inhibitor to the chymotrypsin-like activity at PSMB5, other subunits such as PSMB6 may also contribute to interactions between this inhibitor and the active catalytic site, as has been described in yeast (Groll et al., 2006) . Thus, mutations of these subunits should not be overlooked in the JurkatB lines. We also expect that other novel PSMB5 mutants may be selected with bortezomib at higher concentrations. Thus, further studies into more potential mechanisms of bortezomib resistance are necessary.
In summary, T lymphoblastic lymphoma/leukemia cell lines resistant to the proteasome inhibitor, bortezomib, can be established by repeated drug selection. The G322A point mutation of the PSMB5 gene is an important mechanism of bortezomib resistance in these JurkatB lines. The resistance to bortezomib seems to occur through a conformational change that reduces affinity between bortezomib and the chymotrypsin-like active site at PSMB5. The mechanism of bortezomib resistance conferred by PSMB5 mutant may also possibly occur in patient tumors, particularly those treated with single, low-dose bortezomib. Thus, it may be important to determine the sequence of the PSMB5 gene in tumors of patients who will be treated with bortezomib or in tumors that relapse from bortezomib therapy.
